Abstract-Environmental, economical and technical benefits of photovoltaic (PV) systems make them to be used in many countries. The main characteristic of PV systems is the fluctuations of their output power. Hence, high penetration of PV systems into electric network could be detrimental to overall system performance. Furthermore, the fluctuations in the output power of PV systems make it difficult to predict their output, and to consider them in generation planning of the units. The main objective of this paper is to propose a hybrid method which can be used to control and reduce the power fluctuations generated from large grid-connected PV systems. The proposed method focuses on using a suitable storage battery along with curtailment of the generated power by operating the PV system below the maximum power point (MPP) and deployment of a diesel generator. These methods are analyzed to investigate the impacts of implementing them on the economical benefits that the PV system owner could gain. To maximize the revenues, an optimization problem is solved. 
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Introduction
Photovoltaic Systems (PV) are used to convert solar energy to electricity through solar panels. Due to the environmental concerns, electricity productions based on green/clean fuel sources (such as sun) have become increasingly important. In recent years, grid-connected photovoltaic power plants of several megawatts have also seen commercial operations in many developed countries. In addition, PV systems have a number of technical and economical benefits, such as loss reduction and voltage profile improvement [1] . Unfortunately, instantaneous changes in the irradiance reaching the PV arrays and unpredictable nature of the solar power lead to a corresponding change in their output power. In most studies, the time frame for fluctuations in irradiance is in the order of few minutes especially suitable for systems with megawatts rating [2] . For large PV systems, the output power can change considerably in several minutes time frame, but for a number of small systems distributed over a large area, fluctuations are much less [3] . The frequency of these fluctuations are dictated by type and size of moving clouds [4] , location and penetration level of the PV systems. As far as the penetration level is increased, the negative impacts of PV power fluctuations on some aspects of the network operation such as stability of the system, high variations in node voltages and scheduling of generation units would be increased [5] [6] [7] .
The main target for utility is to have smooth output power of the PV system or to produce a certain limit of power from the PV systems. By applying certain technologies and methods, one could achieve to this task but, due to high costs of methods and the energy generated from the PV system, it is worthwhile to have economical analysis and then choose and implement suitable technology to smooth the power fluctuations.
In this matter, the use of energy storage systems (ESS) could be an effective method to mitigate these negative impacts [8] and [9] . In selecting a proper storage system one has to determine its applications. When a relatively high amount of power must be supplied in a very short period of time which is called power application; capacitors, super conducting magnetic storage systems and batteries with rapid reactions are vital [10] . But for energy application such as storing energy during the peak generation period and injecting this energy during the peak loading period, providing huge amount of energy during a certain period of time (hours up to days), hydro pump stations, hydrogen based storage systems and batteries usually are used. These mentioned technologies have different characteristics in performance. Hydro pump stations are not suitable for using with large PV systems, because they need large flat areas.
Some of these technologies such as superconducting magnetic storage systems and ultra capacitors have very low energy densities and thus cannot be used alone in power applications [11, 12] .
Categorizing batteries as the common member of both mentioned applications indicates that they can meet the required power capacity and necessary amount of energy. Moreover, batteries have quick response in both charge and discharge processes, so they are one of the most suitable technologies to reduce the output power fluctuations of PV systems.
When energy storage is considered, the storage reserve capacity and battery system capability has to be determined in terms of the days of battery back-up [13] . One approach for determination of battery capacity for a given system is to estimate it by multiplying the number of days that the system load could be supplied by the battery system with no power available from PV system. This method does not reflect the continuous variation of system generation and load on the storage capability. Also, it cannot be applied to small stand-alone power minutes resolution [14] . As the figure shows, there are some times in which the generated power changes considerably and the amount of these changes may be over 50%. Since these amount of changes affects the power network adversely as mentioned, power fluctuations reduction should be considered vital.
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Selecting the Most Optimum Battery
Fig. 1: PV power fluctuations
The appropriate amount of limitation on the power fluctuations of a grid connected DG system like PV is not constant for all circumstances and it is depended to several factors like required power quality, topology of the distributed network to which the DG system is connected, etc., but a reasonable value for this parameter is in the range of 0%-5% of the grid connected DG system capacity according to our simulations on several distributed network.
The permissible fluctuation in the PV power fed to the grid is assumed to be ±150 kilowatts (1.5% of system capacity) per each 10 minutes time interval for all cases in this paper. Based on this demand, one has to use a suitable battery with the PV in order to satisfy the required operating conditions of the utility. In Ref. [15] mathematical analysis have been done in gridconnected photovoltaic/battery system shown in Fig. 2 to seek for the most optimum battery to control fluctuations.
.
Fig. 2: Grid connected photovoltaic/battery system
Four ordinary batteries, Lead-Acid, Ni-Cd, NaS and Li-Ion, were studied technically in terms of their performance and then linear programming was applied as an optimization process to obtain the most economical option. The specifications of the four types of batteries are given in Table (1) [11] , [16, 17] . Minimizing the cost function with the corresponding constraint used in Ref. [15] showed that NaS battery has the lowest cost for 18 years (period of study) assumption. Therefore, NaS battery is used for all cases in this paper as the most optimum battery . Table 2 represents the results of the battery optimization problem for the fluctuation constraint given in [15] . 
Control of Power Fluctuations Using Battery Storage System
In order to control the power fluctuations, a 10 MW grid connected PV with a BS system is considered as shown in Fig. 2 . The permissible range of fluctuations is chosen ±150KW/10min. To comply the power fluctuations limit, NaS battery is used which has better power and energy rating and minimum cost and maximum net benefit (Table 2) . PV systems are allowed to inject variable generated power into the grid as long as the operating limits of the network are not violated. To control the output of the PV system, a BS system is included.
To examine the economical aspect of installing BS system one could estimate the maximum revenues that the system owner can obtain. An optimization algorithm which is brought up in Ref. [11] is applied with slight changes to calculate this revenues as well as battery power and energy ratings. The input to the optimization process are time series of PV power with no battery included. The objective function (B) with used battery expenses β and γ are given as follows. It should be noticed that the selling price of energy is assumed to be 0.45 $/KWh and the time study is 18 years:
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The first term in (1) calculates the revenues gained from selling energy to the grid. The second and third terms represent the net costs related to the battery power and energy ratings.
In (2) and (3), the first term estimates the worth of capital cost related to battery power and energy ratings. The second term in both equations represents the worth of the annual operating and maintenance costs and the third term considers the salvage value at the end of battery lifetime. In (4) the injected power to the grid is calculated. Equation (5) ensures that power fluctuations are in the desired range. In (7), the initial state charge of battery is determined.
Other constraints are given in (8) -(11).
Reduction of Power Fluctuations by Hybrid Control Method
The proposed method consists of a BS system as a main energy storage device along with a diesel generator and curtailment of the PV power by operating below the MPP as shown in 
(12) and (13) determines the system cost functions similar to equations (1) and (2) in the previous case. Equation (14) calculates the injected power to the grid in each section of the time. In (15) the operation of the diesel generator is limited by applying a specific constraint on its required fuel during the period of study. Finally, the last equation (16) is the nonnegativity constraint.
Numerical Results
In . The generated power from PV panels in each 10 minutes frame is estimated by means of the model described in [18] . Furthermore, the accuracy of this mathematical model has been verified for some weather data via the system that has been simulated in MATLAB/SIMULINK.
The study period is considered 18 years and it is assumed that changes in the climatic conditions for every year are almost the same. Thus, temperature and radiation are sampled during a year for each 10 minutes. Regardless of periods in which the radiation is less than 2 W/m 2 , the number of annual output power samples is about 26000. Since the AC power should be injected to the grid, the inverter efficiency should also be taken into account. It is assumed the inverter's efficiency is constant and equal to 0.9. It should be also noticed that the permissible power fluctuation range is considered ±150 KW/10 min for all cases.
Case A: PV Power Fluctuations Reduction Using BS System
As discussed earlier, the NaS battery was selected as the most optimum battery among four types of batteries. Therefore, NaS battery parameters are considered in solving the optimization This concept could be led to an effective method by which we can prevent the PV system to generate that excess power. It may be done by operating the PV system below the MPP.
Similarly, the required battery power and energy ratings as well as the curtailed power have been derived from solving the optimization problem (Solving equations (12) - (16) considering the parameters related to the diesel generator). In this case, we need a NaS battery with 2354.679 KW of power rating and 4507.632 KWh of energy rating. The maximum curtailed power is also equal to 1497.947 KW.
Figs. 6 and 7 show the PV power before and after the reduction of fluctuations, battery power and energy and also the curtailed power. Table ( 3) [19] . According to the lifetime of the generator, it should be replaced 3 times after initial installation during the period of study. Moreover, in the optimization problem, the fuel consumption of the diesel generator has been limited to 50000
liter per year (equation 15). Table 3 ( $ � )
In this case, the battery power rating is reduced to 1864.083 KW and its energy rating is also reduced to 3013.206 KWh. We will need a diesel generator with 1662.02 KW of power capacity. Figs. 8 and 9 show the output power, battery power and energy ratings and also diesel power profiles. 
Conclusion
High penetration of PV system into electric network could be detrimental to overall system performance, because of having fluctuations in their output power. In this study, a hybrid method consisting suitable storage battery (NAS), backup diesel generator along with the curtailment of the generated power by operating below MPP was proposed to smooth the output power of the grid-interactive PV system. We focused on applying the most economical method to this system in order to decline the output power fluctuation velocity of the PVs connected to the grid. Four different cases were considered and in each case, accurate calculation and Comparison of the results for different cases showed that in the area of study applying the combination of battery, power curtailment and diesel generator is the best method in terms of both technically and economically. It is clear that such studies can be performed in other areas, with regard to their whether circumstances.
